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INT::R.ODUCT ION 
Backgrormd 
Conventionally~ age-hardening 1s effected by 
solution-treating at an elevated temperature, quenching 
down to room temperature, and then reheating to some 
optimum temperature to allow the precipitation of a 
second phase. If it were possible to solution-treat 
and then quench from this temperature directly to 
the aging bath, end still obtain the same properties 
as from conventional aging, a simple one-step aging 
treatment would be practical. This one-step treatment 
w.111 be referred to as direct-quench age-hardening. 
Copper-2% beryllium and copper-12% indium were the 
alloys selected for this study. The first represents 
'--.t" 
a commercial age-hardenabla alloy; the latter was chosen 
since very little information has been reported on it. 
Weibke and Pleger1 determined aging curves for Cu-12.8~ 
In at three different temperatures. They reported an 
increase 1n hardness from Brinell 77 to 285 after aging 
at 300°c for 101 hours. In comparison~ Cu-2% Be can be 
hardened in a similar -manner to Brinell 380. 
2 Guy, Barrett, and Mehl used the technique or 
que.~a-k.g-~PCm ... t.l-J.e~ ~'l.J,.ution. _t~,rature direc!il.i .. to .. Jitl~ ........... · ... ,. _ ._ _ 
~--- ........ 
aging temperature to age specimens of Cu-Be for X-ray 
study. Little difference was observed 1n most properties 
1 
•• J/i, -
I 
I 
I 
-· 
compared with those obtained after water quenching and 
aging. 
·-- - . 
The precipitation of carbide from solid solution 
or ferrite has also been attempted by a direot~quench 
method. Leslie, Fisher, and Sen3 reported that after 
quenching directly from '705°0 to 200°0, a carbide 
precipitate was observed after 5 seconds, whereas if the 
specimens were quenched from 740°0 to room temperature, 
then reheated to 200°0, about 30 minutes was required to 
form a recognizable precipitate. 
In contrast, Barer and Bever4 round that direct-
quench aging was not as effective as standard aging for 
an aluminum-copper and an aluminum-silicon alloy. These 
alloys hardened more rapidly after a water quench than 
after a direct,~"quench. Also, the maximum hardness of 
the water quenched specimens exceeded that of· the dir~ctl-:t 
quenched specimens 1n most ·cases. 
Purpose of the Investigation 
The purpose of this investigation was to co9re 
the results or standard and direct-quench aging treatments 
when applied to Cu-Be and Cu-In alloys. It was also 
desired to obtain further information on the age-hardening 
..........
.... ·, • • .. -·
... -
II. .. 
- ' ~ ~'t~'t.'l .. slJ-Clye .. fl, .... - ...... - ........ - - ............. - .... - ................................... - .... - • .. 
. 
. -·-----~---~--~·-··· 
• • ••' J-1.?'s'•t:~•:,•,c.(r•,.:,,.•(o,·, ... ri ,., t , 
_,. -
'·-<--":_-·::-· .•.•. _.,. ____ - .. __ . -··- -· ___ ·- _. . . __ -
General Procedure 
the optimum aging temperature and time was to be 
determined by hardness measurements for the Cu-In and 
Cu-Be alloys by conventional age-harden1ng·techn1ques. 
Finally, the mechanical properties produced by 
conventional aging were to be compared with those 
resulting from the direot-quenoh treatment. 
3. 
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EXPERIMENTAL PROCEDURE 
G't' ... . ' 
Preparation of tlie Cu-In Alloz 
. « 
The copper used in prepar!ng the a.lloy was d.F.H.C. 
grade, 99.99% pure. A commercial grade of indium 
(spectrographically analyzed at 99.97~ purity) was used 
as the alloy addition. Sufficient quantities of both 
metals were weighed out to prepare an 87.2% Cu-12.8% In 
alloy. 
.. 
Melting was first attempted under a blanket of 
argon in an induction-melting unit. The melt was poured 
into a preheate.d ( 200°F) big-end-up iron mold which 
rested on a transite plate. Sectioning the ingot 
revealed huge blow-holes em1nat1ng from the bottom of 
the ingot. Apparently the molten metal had reacted with 
the trans1te plate liberating sufficient gases to cause 
b~ow-holes 1n the ingot as it froze. 
The ingot was remelted., age.in under an argon shield. 
Approximately 200 additional grams (or 1%) indium was 
added to the melt to allow for vapor losses of indium 
/ which were evident on melting. After making the indium 
I i addition, a green twig was used to stir the melt. The 
I 
~ .. ··------- --- - - --· - -- - - .. ····---! twig reacted-violently with the molten metal. Charcoal~··-·~ -· 
I i ....... " ......... " .......... ·w"'"'·-1·--'h·· m" .. · · 1·cro· adA d to t~e .. "'i"'l · a b · A t · . 
~, .. , ... , .. , , , .. , , .. , , .. , .... , . ~...,+~~.1r.. -·~A~,, A- . ~. , ...... ~~ •..... _ .. ~-t- .•.• ~r,.;i.~. µ e Jlt • :w .. s ... o .$.a,r.ve~ ... o ........ _ . .- .. __ . _ .. , ...... , 
f. I burn off quite readily. The preheated mold was ~lushed 
~ 
with argon prior to casting • 
. 4 
f. 
Apparently the precautions taken to avoid gases 1n 
the metal were successful as a var! sound ingot was 
5 
----..,,..---------=----·------·-----·-- -- ---·-- --·--·------------~----------------!'-7-- ----•---- --·-------- --------------·------ .. 
..... - .. -··· .. 
.> • r I .... I> I> • ,- • 
producedo Ex:tensive coring was evident in the as-cast 
miorostructure. Long-time homo~enization heat-treatment 
was therefore in order. Accordingly, the ingot was 
0 
annealed at 600 F tor 12 hours; the temperature was then 
raised to 900°F for another 72 hours; finally the annealing 
time was extended another 36 hours at 1200°F. The total 
homogen1zat1on,time was therefore 120 hours. The micro• 
structure showed by this time that homogenization had 
truly taken place. 
Analzs•s of the Alloys 
A wet chemical analysis was performed on representa-
tive samples from the Cu-In ingot. The indium content 
was reported as 13.9% and 15.0% for two samples. one taken 
f'rom the ingot top and the other from the bottom. 
Apparently the indium added on remelting the ingot was 
greater than the vaporization losses since the desired 
12.8% indium was exoeeded. This failure to meet the 
selected indium content was not considered harmful as 
the maximum solubility of !nqium in copper was not 
·~. 
I 
I 
~Jt.Q e~o.eci .. _________ . _ _ . _ _ _ _ _ _ _ _ -- - - - - - ·--~- ___ .................. -............ · ... :.:.;.·;; ... .J 
The Cu-Be alloy used in the study was the co~~ctli\l ......... - ...• j 
' .. ,...··;, ,,,,. .,,,. .,,. ,. ... .......... ·..I/# I' • _,. ~ • • ~ ~ ~ ' ~ • i t. I .. • • ---~ • ! .... • · ~ .;. L ;. •• : .,. ~ .i" ~ .: !. ~· ,t.. ._ ,_·. '-.... J .&. .,._ -: L, ,,... ' ~· 
Berylco #25 alloy strip with the following analysis 
(provided by the Beryllium Corporation): 
._.,.,\;,,,. 
a i 
i 
i 
(;\ 
- __.... --,---~-------
----- -·-
Beryllium 
1.so-2.05% 
Cobalt 
0.18-0.30% 
Copper 
balance 
6 
,. ' . 
- --··- --.. ., .. -------
-------
- ·-· 
···------ - --c,--------- -- ~--·-·-----.---.----· --·
-----
-
Mechanical Working of the Ingot 
Hot-rolling was sel~cted as the means of working 
the ingot. Attar thorough homogenization, the ingot 
was cut 1n to '7 /16 inch square strips taken as longitudinal 
sections 4 1/4 inches long. A '7 /16 inch specimen was 
the largest size the laboratory rolls could aceonnnodate. 
The strips were then hot-rolled to 3/32 inch by alternately 
rolling and reheating to 1300°F. Next, these strips were 
cut into 3/4 inch lengths to provide specimens for heat• 
·treatment. 
Heat-treatment 
A. Conventional Aging 
The specimens were solution-treated by holding at 
temperature for 15 minutes and water quenching. This 
treatment time was selected on the basis of th~~heat• 
treating rule of thumb of one hour per inch of section 
thiolmess. Solution-treating temperatures for Cu-In and 
Cu-Be were 1200°F end 1450°F, respectively. The hardness 
of a few samples in this condition was checked; these 
s-amp-1'9s ware also metallogr~RP-.ically examined. Both 
Th + pO 11 aging. e furnaces held a temperature of .2 . , wh e 
some of the salt baths, fluctuated as much as ±10F
0
• 
- . - . - -
f 
I 
' 
/ 
The aging curves were established by determining the 
hardness of specimens removed from the aging bath at 
----------
--~ar1ous- intervals of time. The microstructure of 
specimens 1n the aged condition was also examined. 
-
B. Direct-quench Agi_ng 
7· 
Curves were determined as above with the exception 
that the specimens were quenched directly from the 
solution-treating bath to the aging bath. In all cases 
molten lead or salt was used for direct-quench aging. 
The specimens were metallographically examined and their 
miorostructure compared with that of specimens e.ged by 
standard treatments. 
Tensile Study on Cu-Be 
The tensile specimens were cut from Berylco #2,5 
(0.030 inch) strip. Standard ASTM 3/4 inch width specimens 
with o.soo! 0.010 inch width across the reduced seo.tion 
were prepared. 
The hardening of the tensile bars by conventional 
aging teclmiques presented no problems. The specimens were 
solution-treated 1n a resistance-fu:rnace at 1450°F and 
water-quenched; subsequently they were aged in a forced-
air furnace. 
- ---- ---
-- --
' 
.... ·.~,., .... -
· H·ow·ever. the direct-quench treatment was more. .tr.oubl~ : .. _ .: .. ~- -.... : .- -~---=-
··-·.,-:,. ·- ·-- - ·-·~ 
._ ..................... . 
~··-some.-~ Solut.isn-t!'eatment _ of the s_heet bars 1n a ID .. Ql~n 
lead bath resulted 1n severe distortion. The distortion 
problem was solved by clamping the specimens between two 
1/4 inch steel plates. When this-assembly was solution-· 
,; 
. . . . . . . 
.. 
treated by immersion 1n molten lead and then quenched 
r" 
directly to a salt be.th for aging,·. the specimens were 
attacked-" so badly that some literally fell- ape.r·t~ A 
complex corrosion process involving the lead, steel, 
salt, and the specimen was taking place. Neither the 
lead bath nor the salt bath alone were found to result 
in visible attack of the bars. 
8. 
The solution to these problems was found 1n support-
ing the specimen in a copper tube just slightly larger 
1n inside diameter than the width or the specimen. The 
procedure followed was to solution-treat the specimen 
inside the copper tube·whioh was sealed at the bottom 
and whioh was placed 1n a lead bath; the specimen was 
then transferred directly to the salt bath for aging. 
:No protection tube was used in the aging be.th. This 
gave the best possible heat transfer on quenching~ No 
visible attack of the bars was observed. .( \ .. 
r-'\ 
. .' .. . ~ <.···--..-. .... . .. ·· .. -.. -...·;.......,. 
... ·.: 
•i,.,••• .. •r•,,•"'.•••i 
. . . . ..-~ 
. ·~-;··.:: -~· 
,- • ·.1 • • 
- ... -:- ~- -. ·~ ~·-.·~~ -:•··-.'! ... -..- •. ~ ............................ .. 
~-.. ~-. "" .. ~-· #ft-·-· ..... :- ~ -~-
:, 
DISCUSSION OF RESULTS 
-- ---------~---~ .. -------- - -
The Cu-In phase diagram shows a decreasing solid 
solubility with decreasing temperature that is typical 
of age-hardening systems. The pertinent portion or the 
d1agram1 can be seen in Figure 1. The alloy used 1n 
this study contained approximately 13.5 weight per cent 
indium. 
. 0 
The resulting hardness values after aging at 500 F, 
· o oti' L o · 550°F, 600 F, 700 
1
~ '750 F for various times and by 
. 
. ~ 
both techniques are tabulated in Table 1. The results 
for the standard aging technique are plotted in Figure 2. 
It can be seen that the optimum aging time and temperature 
0 is 120 hours at 600 F. Figure 2 also shows t:h.at treatment, 
&·t temperatures below the optimum, requires longer time to 
produce the maximum hardness; at temperatures above the 
optimum, aging is accelerated but does not produce nearly 
as great a hardness. The aging seems to be rather 
temperature dependent. At soo°F only scant aging occurs 
but aging at 550°F produces maximum hardness. 
The results of direct-quench aging e.t the various 
temperatures -are- -p-lot.ted -in- .Figu.r~s 3 through ? along. 
• I. •\.I .. \ I• I. r - , 
with ·the corresponding convention~. ,~g.i:i:ig. ~~.~~.~.-.~~. ~~~~., - ~ ........... -- ~ 
~re,, r,r,-r ,,. • .,,,,, ... rr 
the two may be compared. At 5oo°F and 550°F both methods 
of aging produced essentially similar hardness. For short 
9 
I 
I 
I ,,,. 
10-
aging times at 600°F, higher hardness wa
s provided by the 
--------
- ------
--···,------- - direct .. quenoh treatment; i.e., agi
ng seems to be 
accelerated by direct-quenching. Almost 
identical results 
are produced by both methods at 7oo°F 
and '760°F. 
The microstructures of the solution-trea
ted and fully 
aged conditions can be seen 1n Figure a
. The solution-
treated structure is characteristic of 
a one-phase solld-
solution. The aged condition shows a l
amellar type 
cont1nuous5 precipitate not W'ltypical o
:r Mg-Al age-harden-
ing alloys. In the fully age-hardened 
structures 1 t was 
impossible to distinguish any differenc
e between direct 
quenching and standard aging. 
However, at short treatment times. if o
ne method 
produced a greater hardness than the o
ther, a differenoe 
in miorostructure was observed. The amou
nt of' visible 
precipitate was directly proportional 
to the hardness of 
the specimen. For example, Figure 9. s
hows the structures 
C 0 
developed by both methods after aging at
 600 F for 24 hours. 
The direct-quench specimen, showing ra
ther voluminous 
precipitate at the grain-boundaries, had
 a hardness of 
Rockwell A-50. The conventionally aged
 specimen shows 
Im.loh less prec1p1 tate and correspondingly
 the hardness 
I was only Rockwell A-39. 9. · 
I 
.. l.,.. r.,,. .. ~ .. _ ... _.·_., ...... -· - ... -Now .. th.eL a'bov,Et .··o:q~~~Y.~~~-~n- -b:prugb.:t an. im
p.orte.nt. - ... - - . - --
1. 
,.,.,,,.,..,>- ..... ,. 
.. .....
 ~ ........ 
-.·· 
.,.. _ ... ,,.,.,..
-,~,,.~ ... ,.~.,
...,.-,.t- .. r,-
11" • .. .,. , , I' , t' ,. 
• , " ~ , • r .. • • 
fl - - -question to mind. Did
 _the har~e~ing 1n the Cu-In system 
·l· I i 
ll fl·. 
dep~nd· on the formation of a coherent pr
ecipitate; was it 
I rel: 
I 
--
11 
a-imply dispersion hardening that was occurring; or, were 
both mechanisms of hardening taking place? To answer these 
questions it was decided to employ micro-hardness testing. 
If a coherent precipitate was developing 1n the grain 
pt"Oper, the grain material might be harder than the grain 
boundary precipitate. It was also decided to age at very 
short times to determine if perhaps coherent precipitation 
hardening was occurring initially followed by dispersion 
hardening at longer aging times. If this were true, then 
a higher hardness might be developed at these shorter times 
than was developed at the normal aging times which were in 
excess of 24 hours. 
An Eberbach micro-hardness tester with a 50 gram weight 
was used to determine the diamond pyramid hardness of the 
various phases in the aged condition. The results of the 
test on the direct- and standard-quench specimens aged at 
600°F for 24 hours are presented 1n Table 2. The average 
hardness of the grain centers is 135 kg/mm2; the maximum 
deviation in readings from the average was 7 kg/mm2. The 
t grain boundary precipitate was considerably harder with 
en average reading of 273 kg/mm2 and a maximum deviation 
of 20 kg/nnn2. The grain centers were essent.ially the same 
hardness 1n both specimens; likewise, the grain boundary 
·· pre oipi tate ~as of constant hardness.··· Thus -1 t -se.ems .that 
~-::. -::. ~- -:. ~ .~ :: ~.-.: :.~.~P.,e,. rela·ti ve· amounts of th~awo phae-,e{J-.-d@-termines the 
• tt- .- .• ,. r • .C - r , i, If r .. ~· ' lit •, "' • r .!'• r- .1/1' r r • II" .• • • - • .. 
., "' ~ .. r II' r • "' ,- r I • • ., • ,,_ 1' o • .• ~ f' !' ,• ,,.. ., ~ • :. • 1 ( ~ • i, f • , 
I 
- . -,. -- . - ... ··-r 
-------· - ... I 
macrohardness. Also, th6 relative softness of the grain-
center seems to indicate the lack of a coherent precipitate 
... " ........ ·1 
.... there. 
Specimens were aged at soo°F for periods of 1/2 hour 
to 5 1/2 hours. This is. 1n contrast to normal aging times 
which are 1n excess of 24 hours. No great change in 
hardness, which would have been indicative of coherent 
precipitdtion, was observed. The results can be seen 
1n Table 3. 
There was no reliable data available on the dis-
registry between matrix and precipitate in the Cu-In 
system. Investigators have not agreed on the crystal 
structure of the precipitating delta phase. Therefore 
the lattice spacing of the precipitate could not be 
ti 
compared_ with that of the matrix. 
The supporting evidence seems to indicate that the 
Cu-In system depends primarily upon dispersion hardening. 
An alternate possible explanation might be that the 
coherent precipitate associated with most age-hardening 
systems develops along with the visible precipitate 1n 
the grain-boundary area; i.e., the visible precipitate 
results from a localized averaging oa~sing the breairaway 
of some of the coherent precipitate. 
Cu-Be Results 
that of Cu-In but the solubility or beryllium 'in copper 
i,S. markedly less. The commercial alloy ·Berylco #25 used· 
:in the study contains 1.so-2.05% beryllium. To prevent 
--
13. 
grain coarsening 0.18-0.30% cobalt is also present. 
The resulting hardness values after aging at 550°F, 
soo°F, 650°F • and 7 ..oo°F for various times and by both 
techniques are tabulated in Table 4. The con\entional 
aging curves are plotted from this data in Figure 11. 
It can be seen that· in the temperature range tested the 
hardness produced is not quite as temperature sensitive 
as it was for the Cu-In alloy. 
Figures 12 through 15 show a comparison of direct-
\ 
quench with oonventione.1 aging results at each of the ·--, 
testing temperatures. At. 5so6~ and 600°F th& direct-
quench provided e. slightly higher hardness for the same 
aging time. Almost identical hardness was achieved by 
both methods at 650°F. The direct-quench technique gave 
0 
superior results at '700 F. 
Typical Cu-Be mierostructures are shown in Figure 16. 
·The solution-treated structure is characteristic of a one-
p·hese solid-solution; the small particles interspersed 1n 
the ·grains are probably the result of the additions made 
to the alloy for the purpose of inhibiting grain growth. 
Aging changes the visible structure only slightly. Small 
amounts of the gamma phase are observed to precipitate at i 
i 
~ 
rl i~ 
\1 
,1 
f 
I 
··· grain boundaries. ·· Howeve-r·j· the· pri.,ne.ry hardening-- ........... -·-- .. --··-··'----·····--·----···-1_ I 
~ --..... ..... .. -. ...........,. . ,::;.~ 
mechanism involves the coherency strainsu associated with 
' the_ de'!:elopment of ~ oo~e~ent pr_ecip1te.te which _i_s_ ~ 
enforced atomic conformity with the lattice of the matrix. 
I 
i, 
~~·-
-
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Cu-Be Tensile' Study Results 
As previously discussed, the procedure followed
 1n 
direct-quenching the tensile specimens was to s
olution-
treat within a protection tube placed 1n a mol
ten lead 
bath and then to transfer the bare specimen di
rectly to 
a salt bath for aging. In this manner a clean
 tensile 
spec 1men was obtained. To insure unif orm1 ty
 of results, 
the hardness was checked on both ends or severa
l tensile 
bars. 
' . 
Tensile studies were conducted at the temperat
ures 
or 550°F and 600°F. The results are presented 
in Table 5. 
·A plot or these data can be seen in Figures 17
 and 18. 
At both temperatures, essentially the same tens
ile 
• 
strength, yield strength, and elongation are p
rovided by 
the two methods of aging. The data for 550°F s
how 
slightly better elongation produced by direct-q
uenching 
but this is compensated for by slightly lower t
ensile 
strength. This balance of properties is even m
ore evident 
at eoo°Fwhere the improved elongation from direct-quench•
 
ing results 1n a lower strength level. In con
trast, the 
hardness tests at soo°F showed the direct-quench method 
produced a higher hardness than the standard te
chnique. 
.. 
. . . . ...
 
Evaluation of Direct-quench Aging 
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In the 3/16" thick Cu-In and Cu~Be. hardntis's', sp'eciimens' 
".-. -·,; ;r'; H ~" 
and the sheet Cu-Be tensile specimens~ direct-qu
ench aging· 
produced hardnesses and tensile properties tha
t were equ~l 
- ...__ ---
\ 
J 
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-
.N ... - - - ,,.. ~· • ·~ -
• .. 
15 ~ 
or superior to those produced by conventional methods. 
However. direct-quenching is probably not limited to thes
e 
thin section sizes. A variatiQn used 1n the heat-treatment ' 
of the Cu-Be tensile bars bore this out. Several of the 
sheet specimens were quenched from the solution-treating 
bath to a protection tube 1n the aging bath. The coolin
g 
re.te obtained from the slow heat transfer to air within 
. 
the protection tube should be equivalent to the cooling 
rate obtained in quenching a larger section-size direc.Aily
 
into the liquid bath. Even with· the slow rate o'£ cooling
 
to the aging tE1nperature, the specimens had strengths 
eque.l to those produced by conventional aging. Therefor
e 
direct-quenching should be practical 1n larger section• 
sizes than those used 1n this study. 
Guy, Barrett, and Mehl2 observed 1n their study of 
Cu-Be alloys that when quenching directly to the aging 
temperature. the aging rate was accelerated at lower 
temperatures such as 200°c (392°F). In the present 
investigation the lowest aging temperature used was 550°F
. 
At this temperature direct quenching did give superior 
hardness. According to Guy, Barrett, and Mehl, the 
factor accelerating the aging rate is ·probably the 
stresses produced 1n the specimen as a resmt---o-r-eau-en.ch~ ..
....... . 
.......... _ 
----·- ....... ,.. .......... 
ing to the aging temperature. These stresses ~e -~ --· 
presumably greater the lower the quenching ·(aging) 
temperature and thus tend to accelerate the aging of 
,.. .. - -- .... 
l6 
specimens quenched to lower temperatures. 
Barer end Bever4 explain the slower aging response 
of direct-quenched compared to water-quenched and reheated 
aluminum alloys on the basis of reduced quenching stresses. 
Rapid cooling by quenching into water produces thermal 
stresses and the resulting strains create favorable regions 
for the progress of age-hardening. Also. they point out 
there is a greater number of nuclei for growth into a 
precipitated phase at room temperature than at elevated 
temperature • 
. , 
Leslie., Fi.sher., and Sen3 observed a dentri tic form 
of carbide precipitation f'rom solid-solution of alpha iron 
during normal aging following quenching. In specimens 
quenched directly to the aging temperature, oblong plates 
appeared along with dentrites. No explanation was offered, 
however, for the more rapid rate of isothermal precipitation 
of carbon during direct-quench aging as opposed to normal 
aging. 
Numerous explanations can be offered for the mechanism 
'6- of precipitation during direct-quench aging. One might 
consider the concept of critical nucleus size as the basis 
for an explanation. As a supersaturated solid-solution 
··,··ts cooled below the- equ111bl.•ium- ~-emperature for 1 ts 
decompo~1tiou, the ··crltical nuc·leus· size that will be· st·able · 
at any temperature~must form before precipitation can 
occur; generally, the greater the degree of undercooling 
1'7 
the smaller the nucleus size that can be stable. However, 
there will always be an incubation period during which 
stable nuclei are being formed. Perhaps this incubation 
period is shorter if e.n alloy is quenched directly to the 
aging temperature. 
It seems plausible that there should be a longer 
incubation period before precipitation during standard 
aging following a water quench. As the quenching tempar-
eture is lowered, the number of nuclei formed is increased. 
Formation of these small nuclei which are of subcritical 
size for the subsequent aging temperature would tend to 
decrease the supersaturation of the metastable solution 
and hence should decrease the driving force for the 
formation of stable nucle 1. This dri v1ng force might be 
expected to remain low at least until most or the sub-
critically sized nuclei go back· into solution. 
-- -~--- .. ~.· ~. ·- - .:  .:
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CONCLUSIONS 
.. . . . .· .· .. -. 
The experimental evideti¢:e :s:eems· t·.o.: ·support the 
following conclusions: 
1) The aging tendency of the Cu-13.5% In alloy prepared 
for this study was strongly temperature dependent 
0 1n the range of 500-550 F. 
2) At the optimum tE111perature of aging~ 600°F, for the 
Cu-In alloy, direct-quenching accelerated the aging 
process somewhat. Otherwise, both methods of aging 
produced similar results. 
3l At short aging times, the amount of visible precipitate 
1n the Cu-In alloy was proportional to the hardness of 
the spec !men. 
4) The mechanism of hardening· 1n the Cu-In system seems 
to be primarily one of dispersion hardening. 
p) -For the Cu-2% Be alloy, direct-quenching provided equal 
.or· better hardness than standard aging. 
6} Essentially the same tensile strength, yield strength, 
and elongation are developed by both methods of aging. 
There was a slight improvement of ductility in direct-
quench specimens; this was compensated for by a slightly 
lower s~rength level. 
7) It is felt that direct-quench ae;i~g sh_quld be practical 
for larger section-sizes than those used 1n this study. 
( 
..... -·-·-4· .. -., ·.· 
8) Many theories can be J:li'Oposed for the success or 
failure of the direct-quench aging process. Reduced 
quenching stresses have been proposed as the cause 
tor the slow aging response of direct-quenched aluminum 
alloys. On the basis of nucleation and growth theory, 
however, there should be a longer incubation period 
before precipitation during standard aging. In 
quenching to room temperature, the small nuclei that 
are formed are of subcritioal size for the subsequent 
aging temperature. The formation of these nuclei 
would decrease the supersaturation of the solution end 
~should therefore reduce the initial driving force for 
formation of stable nuclei. 
.• •:. .• ·.~ .... · .... ~.:~ 
.: _, ___ _ 
,,~· 
~-· 
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Aging 
Time 
Hours 
0 
24 
48 
72 
96 
120 
144 
-,s,..,~ ,.,,\ ·\' 168 
192 
216 
240 
Aging 
Time 
Hours 
0 
24 
48 
72 
96 
120 
144 
168 
192 
216 
240 
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TABLE 1 .21 ,. 
COPPFR-INDIUM HARDNESS VALU~ RESULT ING r"ROM 
. DIRIDT-QUENCH AND CONVENTIONAL AGDJG 
500°F Aging 550°F Aging ... 
Conventional Direct 
Aging Quench 
Hardness Ra Hardness Ra 
28.8 28.8 
32.6 30.8 
31.l 32.1 
33.0 33.8 
32.9 36.7 
35.7 37.7 
35.6 36.2 
37.9 36.9 
37.7 39.2 
40.5 39.1 
39.3 42.4 
600°F Aging 
Conventional Direct 
Aging Quench 
Hardness Ra Hardness Ra 
28.8 28.8 
39.9 50.0 
56.2 61.7 
61.8 60.9 
62.5 61.8 
62.6 61.4 
61.3 61.4 
61.4 61.5 
61.2 60.4 
61.3 60.4 
61.3 60.0 
.. 
Aging Conventional Direct 
Time Aging Quench 
Hours Hardness Ra Hardness Ra 
0 28.8 28.8 
24 35.0 35.5 
48 40.3 38.2 
72 45.9 49.1 
96 54.9 47.1 
120 59.6 5'7 .9 
144 62.0 56.0 
168 61.9 5'7 .o 
192 63.0 62.6 
216 63.5 63.:S r. 
240 63.5 62.6 
i". 
(;; 
:,~. 
~~; 
tt: 
'.f 
/;i 
::,', 
:-_ 
,:. 
/'., 
7oo°F Aging 
~~, 
z:·, 
{~ 
,'.· 
it 
Aging Conventional 
Time Aging 
Hours Hardness Ra 
·o 28.8 
24 57.0 
48 56.8 
'72 55.4 
96 57 .o 
120 55~9 
144 56.8 
168 55.6 
192 55.5 
216 56.0 
240 55.5 
I 
I 
'f: 
Direct 
;-, q 
Quench ~} 
Hardness Ra J 
;:.' 
·~: 
'o:-t~ 
28.8 ::;t 
~1 56.9 
56.8 
' 
55.6 
' 
54.8 ' 
55.8 ' 
56 B 
55.6 
55.4 
55.0 
54.9 
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TABLE 1 (Cont'd.) 
OOPPml-!NDIUM HARDNESS VALUES RESULTING FROM . 
DIRIDT-QUENCH AND CONYENTIONAL AGillG 
750°F Aging 
Aging Conventional Direct 
T 1me Aging Quench 
Hours Hardness Ra Hardness R8 
0 
24 
48 
72 
96 
120 
144 
168 
192 
216 
240 
28.B 
55.5 
55.0 
54.4 
54.2 
54.4 
53.4 
53.1 
50.4 
52.4 
52.4 
.----·. 
28.8 
55.2 
54.5 
54.0 
53.2 
52.3 
52.8 
52.1 
52.2 
51.2 
52.2 
., 
·~ .. -~ :._ .. ,;. . ~ ~. 
'"'· 
I . 
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. . . . .t 
I 
f 
I 1 I i 
i 
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. TABLE 2 
MICROHARDNESS OF COPPER-INDIUM SP~IMENS 
Aged at soo°F - 24 Hours, Conventional Quenohz 
Position 1n Specimen 
Center or a grain 
Center or a grain 
Within a grain boundary 
Within a gra~ ~ollilda~y 
Aged 0 at 600 F - 24 Hours, 
Position 1n Specimen 
Center or a grain 
Center of a grain 
Within a grain b oundar_y· 
Within a grain bo1md~ry 
.. ~.: .. 
Diamond Pyramid Hardness 
136 Kg/mm2 
136 Kg/nnn2 
278 Kg/mm2 
253 Kg/mm2 
Direct Quench: 
Diamond Pyramid Hardness 
141 Kg/mm2 
128 Kg/mm2 
283 Kg/nnn2 
278 Kg/nnn2 
·i:· 
:')· 
·,. 
.. 
. ..:.- -----
.{.:· 
c\ 
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TABLE 3 
0 HARDNESS VALUES FOR SHORT TIME AGiliG OF 
COPPER-INDIUM AT soo°F. 
Specimen Condition Hardness 
Solution~treated Ra 29.'7 
Aged 1/2 hour Ra 32.0 
Aged 1 hour Ra 32.8 
Aged 11/2 hours Ra 32.5 
Aged 2 hours Ra 32.4 
Aged 5 1/2 hours Ra 33.4 
24 
.25 
TABLE 4 
COPPER-BI!RYLLIUM HARDNESS VALUES RESULTING 
FROM DIRECT-QUENCH AND CONVENTIONAL AGING 
0 550 F Aging G00°F Aging 
Aging Conventional Direct Aging Conventional Direct 
Time Aging Quench Time Aging Quenoh 
Hours Hardness Re Hardness Re Hours Hardness Re Hardness 
0 Rb 49.5 Rb 49.5 0 Rb 49.5 Rb 49.5 
o.s 27.& 32.3 0.5 31.4 34.4 
1.0 31.0 35.6 1.0 3'7 .6 37.l 
1.5 34.0 36.9 1.5 38.2 40.5 
2.0 34.7 3'7 .4 2.0 38.4 39.9 
2.5 36.0 38.7 2.5 38.9 41.l 
35.5 38.8 
,z, 39.3 3.0 3.0 42.2 
3.5 36.3 39.2 3.5 39.9 41.1 
4.0 36.9 39.3 4.0 41.4 41.4 
4.5 3'7 .s 40.0 4.5 41.l 41.4 
5.0 37.6 3'7.5 5.0 41.0 40.6 
650°F Aging 0 700 F Aging 
Aging Conventional Direct Aging Conventional Direct 
Time Aging Quench Time Aging Quench 
Hours Hardness R0 Hardness Re Hours Handness R0 Hardness 
0 Rb 49.5 Rb 49.5 0 Rb 49.5 Rb 49.5 
0.5 38.2 40.3 0.5 36.4 39.2 
1.0 40.3 40.8 1.0 36.8 37 .5 
1.5 40.'7 40.8 l.5 35.4 37 .7 
2.0 40.'7 41.0 2.0 35.3 38.3 
2.5 40.8 40.8 2.5 35.'7 36.1 
3.0 40.5 40.6 3.0 34.3 35.9 
.. 3.5 40.5 41.0 3.5 34.7 37 .2 
4.0 40.l '-" 40.5 4.0 34.1 35.9 
4.5 40.0 40.3 4.5 34.0 36.2 
5.0 39.5 39.'7 5.0 34.0 35.7 
Re 
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.. TABLE 5 
TENSILE PRdP:ffiTIES OF COPJ>ER-BER~:IQM FOLLOV/ING CONVENTIONAL AND DIB:OOT-QUENCH AGING 
Aging 
Time 
Hours 
0 
o.s 
1.s 
2.5 
3.5 
s.o 
Aging 
Tims 
Hours 
0 
o.5 
1.0 
2.0 
3.0 
4.0 
5e0 
. 
Conventional Aging 
Tensile Yield 
Strength2 lbs ./in. 
Strength2 lbs./in. 
l 65.,000 
114,000 
145.,086 
152,159 
138.,446 
!152 .,050 
I 
' i 
' ! 
-91,400 
113,000 
114,800 
119.,900 
124,000 
Conventional Aging 
. Tensile Yield 
~ 
Strength2 Stren~th lbs./1n. lbs./in.2 
65.,000 
1159,610 
:1'72,065 
il81,174 
; 1 '7'7, 500 
' l 
:.172,750 
'182,124 
-121.,000 
136.,700 
-142,000 
150.,600 
-
550°F Aging 
Elonga- Aging 
tion Time 
% Hours 
48 0 
14 o.5 
7 1.5 
4 2.5 
4 3.5 
3 5.0 
600°F Aging 
-.Ii-
Elonga- Aging 
tion Time 
% Hours 
48 0 
12 0.5 
8 1.0 
4 2.0 
4 3.0 
2 4.0 
4 5.0 
Direct-Quench Aging 
Tensile Yield Elonga-
'' Stre~th tion Strength 
lbs./1n.2 lbs. 1n.2 % 
65.,000 .. 48 
117,171 84,200 20 
143.,500 101.,200 10 
149.,035 115,100 9 "' 
145,'750 119,800 5 
155.,689 135.,000 3 
Direct-Quench Aging 
Tensile Yield Elonga-
Strength2 Strength2 
tion 
lbs./in. lbs./in. _ % 
65.,000 
-
48 
141.,465 106~000 17 
156~922 129,500 12 
173,051 143.000 10 
171,000 144,500 4 
179,435 151.200 6 
177.419 152.000 4 
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Figure 1 
Pertinent Portion or the 
Copp·er-Indium Phase Diagr~m 
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Figure 2 
· Oopper=Indium Aging Curves Obtained by 
the Conventional Technique 
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Figure 3 
Copper-Indium Aging Curves at 500°P 
for Both Methods,- of Aging . 
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Copper--Irnt1um Agmg Curves at 550°·F 
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Copper-Indium Aging Curves at 700°F 
tor Both Methods of Aging 
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Pertinent Portion or the 
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Copper-Beryllium Aging Curves Obtained by 
,.,. the Conventional Technique 
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Copper-Beryllium Aging Curves at 600°F 
tor Both Methods or Aging 
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Copper-Beryllium Aging Curves at 650°F 
· for Both Methods of Aging 
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Copper-Beryllium Aging Curves at 70o°F 
for Both Methods of Aging 
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Copper-Beryllium Microstructures 1n the Solution 
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.. e • I 
• 
• 
, 
Solution-treated 
lOOOX K2cr2o'7 Etch 
. . ' ,-1 -· .. . .. , 
. ·.~ . .. ' ... . ~ . . . . ' 
• 
·....:..r 
- - -.. -- · 
250X 
I 
-· .J 
- . ,-,., .. ..-' • ~ . J~"·', . • ·, ··r''~ "'• ''" •::. ·..; "· •. /, . .. • ·• '.: 
·-- -.. ·---·----··---.--··---...,..,.-... • ,,_,~1"'~.,,..,':""."'·-.... :; 
160,000 
140,000 
N 
• s:: 120,000 
~ . 
• OJ 
.c 
r4 
..d 
~ 100,000 
i 
'-4 
., 
Cl) 
ao:,ooo ~ 
( 
I 
I 
r 
,.:,- / 
/ 
/ 
Figure 17 43 
/ 
/A 
·i. 
/ 
/ 
/ 
---- . Tensile 
Strength 
'-
Copper-Beryllium Tensile 
Properties Following Aging 
at 550°F .,, 
·• ·' •".Jo'. 
-- ............. -
so,ooo I 
40 
~ 
____ ...... _ 
--1,-
20 
·\ -· ...... . 
\ 
•, 
- ' . : . -
' 
- - - Direct-quench Aging 
Conventional Aging 
. ~~··.:,..;;; ...... . ........... 
.· ... ·--
:.· ·-:· :. _;. -~ .... --···-
-- -.! 2er Gent Elongation 
-
-
--- --- ._.., --... -
·O ·-~---,---,-A-----~----.__ _________ __. 
·o 1 2 3 4 5 
Aging Time 1n Hours 
.. -.'.'i:·}\ 
I 
I 
I 
I 
I 
i 
I 
I 
I 
r 
I 
f 
! 
180,000 
160,000 
140,000 
"2 
• 
.s 
' 
,. 
~ 120,000 
ri 
.d 
.µ I 
bO 
s 
M 
~ · 100,000 
8 
.... 
.µ 
aS 
t() 
s:: 
0 
80,000 
60,000 
50 
40 
ri- -· -· - - -.- - -- _ft--· -· 30 
·,·... . . . . . . . . . . . . . ....... ',i..) . ...... . 
i 
0 
J... 
CD 
~ 
20 
10 
. ,. ····,'.··'.:·:.:,r,-:' 
Figure 18 
/ ~---,----
/ 
/ 
/ 
• I 
I 
I 
• 
,, 
44 
..---•--
Tensile 
Strength 
Yield · 
---A 
-Strength 
I / 
I •/ 
I I 
I I 
I I 
/ / , 
I I 
I I 
I 
I/ . 
II 
II 
II 
Copper-Berylli ~ ·~ern\~iie:: 
Properties Following: .Aging 
at 600°F . . . 
~ ..... ~ -P1rec t-quench Aging 
Conventional Aging 
-· . . -· , -·· ... - ---·--- !"-'· ...:.· ..... - •.. ~. · .• 
-- -- ..I._ 
--
Per Cent Elongation 
-- -- . . -- -----i 
l 
• 
·O. , ...._· ____ ._____ _ _... __ _____;_....___ __ --.&.... ___ ___. ___ __,J 
I 
I 
. 0 l 2 5 
Aging Time 1n Hours 
5 
t 
• 
.. 
I 
I 
I 
·i- -·. - . ·- . . - . 
1 
f 
I 
i 
I 
I 
I 
I 
I 
i 
VITA 
Paul ,Joseph Horvath, Jr. was born 1n Stockertown, 
·Pennsylvania, on June 16, 1937. He attended grammar 
school 1n Stockertown, Johnstown, Nazareth, e.nd 
Bethlehem, Pennsylvania. After graduation from 
. 
Bethlehem High School 1n June, 1955 1 the author entered 
Lehigh University to obtain a Bachelor of Science 
Degree 1n Metallurgical Engineering. While at Lehigh, 
he was presented with the Allens. Quier Metallurgy 
Award. He was graduated with honors 1n June of 1959. 
In the fall of that year· he entered the Graduate Schq,0·1 
or Lehigh University as a Gordon Fellow. 
Presently he is engaged 1n graduate work at Lehigh 
leading to a Ph.D. degree 1n metallurgy. 
-- -· ·--' ... 0#··· • ~ · .•. ,.;.:.. •· .~ .. .......... : ... .;,;_",.::-· .. . . . 
·-· .~:. ····:: .: .. .. ,. . - ' .. -:·: ... _ ··~··· ·,.,.. . .... . ···-
.,.. .. 
·As .. 
~'.' 
i 
·I 
I 
